The air-liquid (a-l) interfacial chemistry of glyoxal is of great interest in atmospheric chemistry. We present molecular imaging of glyoxal and hydrogen peroxide (H 2 O 2 ) dark aging using in situ time-of-flight secondary ion mass spectrometry (ToF-SIMS). More organic peroxides and cluster ions are observed at the a-l interface in dark aging compared to UV aging. Cluster ions formed with more water molecules in dark aging indicate that the aqueous secondary organic aerosol (aqSOA) could form hydrogen bond with water molecules, suggesting that aqSOAs at the aqueous phase are more hydrophilic. Thus the interfacial aqSOA in dark aging could increase hygroscopic growth. Strong contribution of cluster ions and large water clusters in dark aging indicates change of solvation shells at the a-l interface. The observation of organic peroxides and cluster ions indicates that the aqueous surface could be a reservoir of organic peroxides and odd hydrogen radicals at night. Our findings provide new understandings of glyoxal a-l interfacial chemistry and fill in the gap between field measurements and the climate model simulation of aqSOAs.
INTRODUCTION
Secondary organic aerosol (SOA) formation occurring at the air-liquid (a-l) interface is important in atmospheric chemistry and its impact on global climate modeling. [1] [2] [3] SOA is defined as the organic mass produced by gas-to-particle partition and oxidation of vapors of semivolatile compounds or volatile organic compounds (VOCs) in the atmosphere. 4 SOA formed in the aqueous phase such as cloud, fog, and aqueous aerosols is termed as aqSOA. 5 Given the chemical and physical properties (e.g., surface tension, surface density, and reactivity) of the a-l interface, interfacial chemistry is critical in SOA formation, acting as a reactive sink for trace gases (e.g., NOx, O 3 , and SO 2 ) and enhancing aerosol growth. 6 The a-l chemistry profoundly affects the aerosol's ability to serve as cloud condensation nuclei (CCN) and ice nuclei, and mitigate the earth's radiation budget. 7, 8 Glyoxal, the smallest di-carbonyl compound with a lifetime ranging from hours to a day, has diverse sources during the oxidation of VOCs from anthropogenic and biogenic activities. Its solubility leads to a high uptake coefficient on cloud, fog, or aqueous aerosols. 9 Thus multiphase chemistry takes place at the aqueous surface, offering a significant source of SOA in the atmosphere. For instance, glyoxal contributed up to 15% of SOA mass in Mexico city. 10 Hydrogen peroxide (H 2 O 2 ) plays a vital role in the nonradical oxidation of aldehydes and dialdehydes, contributing to the SOA burden in addition to radical oxidation pathway. 6 Recent observation of hydroxyhydroperoxides (α-HHPs) from glyoxal and H 2 O 2 oxidation improved the SOA simulation. 11, 12 To the best of our knowledge, a handful of studies were conducted to investigate the aqSOA formation at the air-water interfaces, suggesting its effect on global aerosol budgets. [13] [14] [15] Most studies were performed using either bulk solution or chamber experiments coupled with NMR, 16 ESI-MS, 17 FT-ICR-MS, 18 or DESI-MS for product detection. 19 Schweitzer proposed that surface chemistry of glyoxal protonation occurred prior to uptake by aqueous droplet like formaldehyde. 20 The formation of chemisorbed surface complex of aldehyde was hypothesized but not verified. 21 Nevertheless, the SOA formation pathways at the a-l interface are still poorly understood. 22 Obtaining in situ molecular speciation and distribution at the a-l interface is a daunting task due to the lack of advanced in situ analytical tools. The large gap between modeling and observation is identified due to difficulties in direct observation and interpretation of the interfacial reaction mechanism complicated with factors such as night-time chemistry or incomplete surface speciation. 23, 24 Scientific questions, such as what the reaction mechanism is and what the potential effects on the aerosol growth are during dark aging, remain unanswered.
We developed a unique liquid-vacuum interfacial analysis technique, [25] [26] [27] [28] [29] namely system for analysis at the liquid-vacuum interface (SALVI), and enabled in situ time-of-flight secondary ion mass spectrometry (ToF-SIMS). We recently demonstrated that in situ liquid SIMS can be used to study the a-l interface in photochemical ultraviolet (UV) aging conditions simulated by the vacuum-liquid interface. 30, 31 Furthermore, weak interaction formation, such as ion pairs and ion solvation at the interface was monitored by in situ liquid SIMS.
RESULTS
Temporal evolution of dark-aging products Without UV irradiation, glyoxal undergoes oxidation by H 2 O 2 with a rate constant of (1.67 ± 0.80) × 10
33 Although reactions are slower in dark aging than photochemical aging, carboxylic acids, organic peroxides, and other products are detected (Table 1) . 34 This finding is confirmed by in situ observations in Supplementary Figs. 2-13 . Here normalized intensity is used to illustrate the trend of products formed during dark aging. In Fig. 1 , the oxidation products (e.g., formic acid m/z − 45 CHO 2 − , glyoxylic acid m/z − 73 C 2 HO 3 − ) are observed to form quickly within the first 2 h of dark reactions. 35 Glyoxylic acid (m/z − 73 C 2 HO 3 − ) forms by oxygen (O) addition to the glyoxal molecule or the Baeyar-Villiger rearrangement of the hydroperoxides generated in subsequent reactions. 36, 37 The O atom in H 2 O 2 could nucleophilically attack the carbonyl group, and contribute a H atom to the carbonyl group. 38 We find that 2-hydroxy-2-
) is produced following this mechanism in the early dark-aging time (≤2 h). HHPE is difficult to detect using bulk approaches because it is unstable in dilute solutions. 39, 40 Zhao et al. reported HHP formation in dark reactions of glyoxal and H 2 O 2 in the aqueous phase. 11, 12 HHPs are recently detected by APCI-MS/MS to study the SOA. 41, 42 In situ detection of hydroperoxides suggests the oxidizing capacity of the aqueous surface exists even without UV light. The high Henry's law constant indicates that the HHPs has a high potential to partition into the aqueous phase, 43 further facilitating the uptake of VOCs and other trace gases onto the aqueous surface of clouds, fogs, or wet aerosols.
The sensitive liquid SIMS observation also allows identification of more organic compounds useful for model modification. The temporal profiles of oxidation products are consistent with twodimensional (2D) images shown in Supplementary Figs. 15a and 16a. As dark aging persists, aldehyde groups and hydroperoxides can undergo interreactions (e.g., peroxyhemiacetal (PHA) formation, carbonyl addition reaction, and hydration) to form high molecular weight oligomers in the acidic aqueous environment. [44] [45] [46] The pH measurements of all samples are listed in Supplementary Table 1. Evolution of different products in dark aging reactions observed in the SIMS negative ion mode: a oxidation products, b oligomers, c cluster ions, and d water clusters. FA formic acid, GA glyoxylic acid, HHPE 2-hydroxy-2-hydroperoxyethanal. Normalization is calculated using total ion intensities of the products observed in this study. The error bars in the plot indicate the standard deviation of three replicates
These dark aging samples were acidic. The acidic environment could play an important role in catalyzing surface reactions for aqSOA formation. 20 The Table 2 ), implying that the aqueous surface chemistry could promote the organic peroxide production in dark. Such phenomenon was previously established mainly from the gas phase oxidation, but not in the aqueous phase. 47 Our dry SIMS analysis of the same conditions in dark does not show existence of cluster ion or water cluster peaks, 31, 48 further illustrating the necessity to study the a-l chemistry using in situ approaches.
In addition, cluster ions formed via noncovalent bonding (e.g., hydrogen bond, van der Waals force) are observed at the aqueous surface. We have demonstrated that the Bi 3 + primary ion beam was softer at the liquid surface than the solid surface. 49, 50 The fragmentation and cluster ionization induced by the primary ion beam could be reduced. Supplementary Fig. 2 shows a SIMS spectral comparison of DI water and dark aging samples after 2 and 6 h reactions, confirming that cluster ions are formed as a result of dark aging not ion fragmentation in liquid SIMS. (Fig. 1c, Supplementary Figs. 5 and 6 ). Such cluster ion formation in dark aging indicates that organics have high water adsorption ability at the aqueous surface. These observations suggest that glyoxal oxidation products in dark can evolve via weak intermolecular interactions with either water molecules or other small organic compounds that have hydrophilic functional groups (e.g., -OOH, -OH). Our results substantiate the effect of cluster ion formation from oxygenated molecules on nucleation and aerosol growth. 51, 52 The sharp decrease of cluster ions and carboxylic acids in Fig. 1 can be explained from the principal component analysis (PCA) results (Fig. 2) . The 3 h sample is separated from the 2 h one in the scores plot (Fig. 2a) . Corresponding reduction in loadings (Fig. 2b) indicates that the main contributors to positive PC1, including formic acid, glyoxylic acid, small oligomers (e.g., m/z − 121, C 2 Fig. 21b ). Water is an indispensable media in most nucleation processes in the atmosphere, however the effect of cluster formation involving water molecules on particle or cloud formation is still unclear. 53 Our direct observation of water cluster and cluster ion formation during dark aging enhances the understanding of the role of water molecules in aqSOA formation at the atmospheric aqueous surface including fog, cloud, or aqueous aerosols.
Principal component analysis (PCA) of dark aging ToF-SIMS spectral PCA is performed to investigate if there is a time dependence on glyoxal dark aging. The PC1 (67.58%) vs. PC3 (6.32%) scores plot in the negative ion mode is interesting (Fig. 2) ), a main product from the acidic environment in dark. 35 Along with oxidation products, some small oligomers (e.g., m/z reducing compounds (e.g., glyoxal, glyoxylic acid), PHA formation and aldol condensation in the acidic aqueous environment can take place in the continued dark process (e.g., 3 and 4 h), leading to a large amount of organic peroxide formation (e.g., m/z − 303 C 7 Figs. 19 and 20) . Similarly, most of the cluster ions are related to the hydrophilic species at the aqueous surface, 57 indicating that the organics can form hydrogen bonding more effectively with water molecules at the surface compared with UV aging. This finding suggests that the SOA at the aqueous surface become more hydrophilic with increased dark-aging time. This was postulated by a recent perspective discussing the role of water in atmospheric chemistry. 58 Water plays a vital role in the molecular arrangement at the aqueous surface to advance interfacial reactions. 59, 60 Additional 2D PCA results are depicted in Supplementary Fig. 17 .
Evolution of the mixing state of dark-aging products Aerosol particles are known to vary from solid, semisolid, and liquid phase under different relative humidity, temperature, and chemical composition conditions. 61 Thus the aerosol-mixing state, in terms of hygroscopicity, has been a hot topic to investigate aerosol evolution. The aerosol surface-mixing state can affect the adsorption of water and other hydrophilic compounds (e.g., HNO 3 , HCl) onto existing particles. 62, 63 The cluster ions formed at the interface can undergo collisions with ions or particles in the atmosphere, leading to charge-exchange of the aerosol, which in turn affects the aerosol's ability to act as CCN. 64 In this work, 2D and three-dimensional (3D) images are reconstructed to show the spatial distribution of chemical species ( Fig. 3 and Supplementary Fig. 21 ). In the initial dark aging (≤2 h), HHPE and carboxylic acids (e.g., m/z − 45 CHO 2 − , 73 C 2 HO 3 − in Fig. 3a) Fig. 21c, d ). Furthermore, cluster ions formed with more water molecules have higher relative intensities in the longer dark reactions, implying their increased contribution to surface hygroscopicity of SOA with increased aging time. The concurring increase of water molecules in cluster ions with increased aging time suggests that the formation of cluster ions in dark-aging account for the water molecule uptake of organic peroxides in the heterogeneous surface reactions and have an impact on the cluster formation involving organic peroxides ( Supplementary  Fig. 21e ).
Comparison between UV and dark aging We find that time enhances the oligomer formation and large water clusters in the glyoxal and H 2 O 2 interfacial photochemistry in our recent work. Here we compare the effect of time on dark and photochemical aging of glyoxal oxidation in the aqSOA formation . The brightness of color dots indicates relative intensity of a product. Lighter color means lower intensity and darker higher intensity using spectral PCA (Fig. 4 and Supplementary Figs. 18 and 19 ). In the negative ion mode, PC1 and PC2 are the main components, explaining 65% of the data. The reactions at different times are well separated by PC1, while the two types of aging conditions (dark vs. photochemical) are isolated by PC2 (Fig. 4) ) and large water clusters ((H 2 O)nOH − , 14 ≤ n ≤ 43) are more likely to form in UV aging (Fig. 4) . The formation of more cluster ions implies that the aqSOA at the surface in dark aging tends to be more hydrophilic (e. Fig. 18 ). The comparison of cluster ions formed between water clusters and organics between UV and dark aging shows that the dark aging is favorable for cluster ion formation in this route than UV. Cluster ions with higher molecular mass are formed by incorporating more water clusters in dark. This finding suggests that the organics in dark aging are more likely to form hydrogen bonding with water molecules than those in UV aging. This phenomenon could be related to different solvation shells at the aqueous surface between dark and UV aging. 66 Previous theoretical calculations have shown that the configuration of clusters in the aqueous phase is similar to their gas phase counterparts only for small cluster sizes. The external medium is expected to stabilize ion-water cluster interaction in larger clusters, and it also plays an important role in the structure of the hydrated ion. 67 In contrast, water molecules tend to form larger water clusters and they peak between 2 to 4 h in UV aging ( Supplementary Fig. 14) . This difference indicates that dark aging facilitates the SOA hygroscopic growth at the aqueous surface. ) in UV aging is mainly related to radical reactions, hemiacetal formation, glyoxal self-oligomerization, and hydration driven by the acidic aqueous environment. Few techniques can provide direct chemical information and 2D/3D mapping at the a-l interface. More importantly, our direct a-l imaging results could help elucidate the findings of aerosol hygroscopicity variation in field campaigns.
68,69

DISCUSSION
The different product formation in dark and UV aging suggests two distinctive oxidation mechanisms. In dark aging, formation of more cluster ions with more water molecules indicates that weak intermolecular interactions (e.g., hydrogen bonding, van de Waals force) play an important role. In UV aging, the observation of more oligomers suggests that the covalent bonds (e.g., O-O, C-O, C-C) are generated at the aqueous surface due to photochemistry (Fig. 5 ). When exposed to solar radiation, organic peroxides, and their cluster ions can produce H 2 O 2 and other small organics as weak O-O bonds undergo photolysis easily, 12, 70 thus initiating chain reactions under UV. Our new findings imply dark aging can act as a source of aqSOA and influence the glyoxal and H 2 O 2 aqueous surface photochemistry after sunrise. Our findings confirm that dissimilar types of products formed in UV and dark-aging processes and they lead to different surface properties and affects the aerosol potential as CCNs. The aqueous surface in dark is more hydrophilic than in UV aging, which could enhance water uptake of aldehydes at the surface after sunset.
Glyoxal and H 2 O 2 could form organic peroxides and other high molecular weight oligomers via oxidation, PHA formation and aldol condensation in dark aging, and contribute to the aqSOA loading. These products ensure dark aging as a source of OH and HO 2 radicals and significantly contributes to the global SOA formation. [71] [72] [73] The observation of more organic peroxides in dark aging suggests that more adverse health effects of SOAs on human beings may exist at night time. 34, 74 Cluster ions formed with more water molecules and organic peroxides in dark reactions indicate that they can serve as a source of peroxides when exposed to UV, providing a new source for glyoxal and H 2 O 2 photochemistry. Furthermore, the observation of more hydrophilic cluster ions suggests enhanced aqSOA hydrophilicity and hygroscopicity at night. Hydrophilicity represents the water uptake ability and influences the growth ability of the aqueous surface. Upon hygroscopic growth, aerosol size and composition change, thus affecting the atmospheric oxidizing capacity, optical properties, and their ability to behave as a CCN, all playing a role in the Earth's radiative effect. Our results expand the a-l interfacial reaction mechanisms and enhance the interfacial molecular understanding of the evolution of the aqueous surface of atmospheric aerosols.
METHODS
SALVI enabled liquid SIMS characterization
Details about the SALVI fabrication and installation were described in our previous papers. [25] [26] [27] [28] [29] Our unique microfluidic design ensures that water does not spill out from the aperture and high vacuum is maintained during analysis. 26, 27 After oxidation at different time intervals, the device was assembled on the sample stage and analyzed in a ToF-SIMS V-100 instrument (IONTOF GmbH, Münster, Germany). In order to map the organic compounds, a 25 KeV Bi 3 + primary ion beam was used; multiple 2-µm diameter apertures were drilled through the SiN membrane for direct observation of liquid surfaces. 25, 31, 49 Dark and UV-aging experiment Aqueous solution of glyoxal (5 mM) and hydrogen peroxide (20 mM) were prepared in DI water. Then solutions were injected into the device by a syringe pump. The dark and UV reaction times were 0.5, 1, 2, 3, 4, 6, and 8 h, respectively. Devices filled with glyoxal and hydrogen peroxide mixtures were stored in a petri dish covered by a clean aluminum foil to simulate dark aging ( Supplementary Fig. 1 ). For UV aging, the device was set 10 cm away from a light source. 30 As soon as the desired aging time was reached, the device was immediately put into ToF-SIMS for analysis. More detailed information is described in Supplementary Methods.
Data analysis
The SIMS raw data was mass calibrated by following the criteria listed in our previous studies. 48, 49 After conducting mass calibration, the spectral and 2D image PCA were done to investigate the surface reaction mechanism. In situ liquid SIMS is limited to unit mass resolution due to instrument constraints. 49 Detailed dry sample analysis was conducted to ensure confidence in peak identification. 30, 31 2D and 3D image visualization was also conducted to show the spatial distribution of surface species. Details of data analysis could be found in SI. 28 
DATA AVAILABILITY
The in situ liquid ToF-SIMS data are uploaded to the PNNL portal and available per request.
Fig. 5
Flow chart showing UV and dark-aging mechanisms of glyoxal and hydrogen peroxide determined in this work. The species in the black boxes are identified in previous studies, 30 and the rest are discovered in this study. Supplementary Tables 2 and 3 give a summary of these species
